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We deposited face-centered cubic (FCC) Co films on glass substrates by sputtering. From Auger-depth profile analysis, we found that
there is one CoO layer, about 13 A thick, lying on the top surface of the Co film, and another CoO layer, about 37 A thick, lying within
the Co/glass interface. At room temperature, the thin CoO film is supposed to be paramagnetic. However, because of the proximity
effect between CoO and Co, the CoO layer may become ferromagnetic, with saturation magnetization . By fitting the saturation
magnetization ( ) data of the whole Co/CoO film as a function of (1 ), where is the Co thickness, we can prove that the last
conjecture is correct, and the of the CoO layer is indeed not zero. Both the dependence of the magnetostriction constant ( )
and the dependence of the coercive field ( ) show a two-region characteristic. The dividing line for the former quantity is at =
88 A, and for the latter it is at = 120 A. When crossing such a dividing line, there is a discontinuous jump in (or ). These
phenomena occur because the lattice-strain and magnetoelastic effects within the CoO layer dominate the and the behavior in
ultra-thin ( 88 A) Co films. In this region, the roughness-to-thickness ratio ( ) may also affect . Finally, there seems to be
no connection between the grain size ( ) and .
Index Terms—Co film, magnetostriction, proximity effect.
I. INTRODUCTION
THE properties and applications of Co films have alreadybeen extensively studied [1]–[5]. For example, thick Co
films have been investigated in many aspects. However, the
properties of thin Co films, of less than 100 , should be
equally important. The thin Co film is often used as a free layer
in the magnetic tunneling junction (MTJ) element, such as
Co/AlO /Ni Fe [6]. In the practical application of making
such a tunneling magnetoresistance (TMR) read head, not only
the MR ratio but also the saturation magnetostriction is crucial
to the composite element.
In this work, we study various magnetic properties, such as
saturation magnetization , the saturation magnetostriction
, and the coercivity , of a thin Co film as a function
of the film thickness . According to the Auger-depth profile
shown in Fig. 3, the structure of each Co film includes a thin
layer of CoO oxide in the top CoO/Co interface and another in
the bottom Co/glass interface. As a result, the , and
data are all affected by this multilayered film structure. Here, we
cite the behavior of as an example. As is well known, the Néel
model predicts that of a ferromagnetic film should vary as
[7], [8], and we find that for Co films with ranging from
100 to 500 , the data follow the predictions of the Néel
model closely. However, as becomes smaller than 100 , i.e.,
when , 50 , and 75 , the data deviate markedly
from the Néel model. The reason, as discussed later, may be due
to the lattice strain and magnetoelastic effects [9] of the CoO/Co
and the Co/glass interfaces.
Other structural properties of our Co films, such as the crys-
tallographic structure, the grain size, and the surface roughness,
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are also summarized in this work. They may affect the mag-
netic properties, such as , and , of the Co films. All of
these structural and magnetic quantities are useful in the fields
of magnetic recording media and magnetic sensors.
II. EXPERIMENTAL PROCEDURES
Co films with from 25 to 500 were deposited by
dc magnetron sputtering onto a glass substrate. The target was
99.99% of Co purity. All the film samples were sputtered at
room temperature (RT). The typical base chamber pressure was
less than Torr, and the working chamber pressure
was Torr. Cross-sectional transmission electron mi-
croscopy (X-TEM) pictures of several Co films were taken to
calibrate the in situ SYCON thickness monitor. The thickness
of each film sample, prepared for later measurements, was
then directly read from this calibrated thickness monitor.
The film structure was characterized by X-ray diffrac-
tion. The grain size ( ) was calculated by the formula
, where is the wavelength of the CuK
line and is the half-line width of the (111) peak [10]. We
have also examined the crystal structure the Co films by using
plane-view TEM. Root-mean-square surface roughness
was measured with an atomic force microscope (AFM). The
in-plane magnetic hysteresis loops of all our Co films were
measured with a LakeShore Model 7300 vibrating sample
magnetometer (VSM). In order to study the top and the bottom
interfaces, we carried out Auger-depth profile analysis. was
measured by the optical-cantilever (OC) method. The details of
this method have been described in [11] and [12]. By using a
thinner glass substrate, the sensitivity of the OC device
can be reduced to nm. All the measurements were
done at RT.
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Fig. 1. X-ray diffraction patterns of Co films with different thickness (t ).
TABLE I
D IS THE GRAIN SIZE, S IS THE ROOT-MEAN-SQUARE ROUGHNESS, AND t
IS THE THICKNESS OF THE FCC Co FILMS
III. RESULTS AND DISCUSSION
From our X-ray diffraction studies, shown in Fig. 1, we con-
clude that all the Co films have face-centered cubic (FCC) struc-
ture; they are highly (111) textured. From this (111) line we
find that the lattice constant of FCC Co is 3.420 . Also,
from the half width of the (111) line, we calculate by the for-
mula mentioned in the previous section. The obtained values
are shown in Table I. Here it may be suspected that hexagonal
close-packed (HCP), instead of the FCC, growth is more likely
for a Co film on a glass substrate. Also, it is well known that in
X-ray diffraction, one cannot easily resolve the Co HCP (0002)
line from the Co FCC (111) line. However, in spite of these
uncertainties, the electron diffraction pattern of the plane-view
TEM, shown in the insert of Fig. 2, confirms the existence of
the FCC grains in our Co film (with ). In addition,
as determined from Fig. 2, the lateral grain size in this
sample is about 100 . Note that the value of the
film (in Table I) represents the vertical size of the grain. Hence,
we conclude that the grains in the Co film have a
columnar structure perpendicular to the substrate.
The Co film was taken to obtain the Auger-depth
profile and to study the CoO/Co and the Co/glass interfaces,
as shown in Fig. 3. The appearance of the carbon peak on the
right-hand side of Fig. 3 may be due to the fact that the glass sub-
strate has been contaminated, as there were carbon tapes nearby
Fig. 2. Plane-view TEM for t = 500 A Co film. The insert shows the
electron diffraction pattern of the same film.
Fig. 3. A Co 200 A film was analyzed with Auger-depth profile analysis. The
results are divided into three regions.
to hold the substrate in place. The sputtering plasma must have
caused the carbon atoms to initially impact on the substrate. This
explains why in Fig. 3 the peak position of the carbon signal co-
incides with the incipient rise of the cobalt signal. As a result,
the carbon peak may be considered as an indicator of the inner
boundary (i.e., the dotted line on the right-hand side) for this
Co film. Since the value is known accurately, and
the total ion etching time up to this set point is also known, it
is easy to calculate the ion etching rate ( ). Once has been
determined, we can plot the Auger-depth profile as a function of
the film depth ( ), as is done in Fig. 3. The oxygen (O) peak’s
being centered at is mainly due to contamina-
tion by oxygen during the initial sputtering process. If we de-
fine the half width (i.e., from 154 to 191 of this bottom
oxygen peak as the thickness of the inner CoO oxide layer
in the Co/glass interface, then is equal to 37 . In addition,
from Fig. 3, as we go deeper, from to , the O
signal decreases from to the background level, while
the Co signal increases from to the main level. This
means that due to the ex situ exposure, the top surface of the
Co film has been oxidized. Similarly, the thickness of the outer
CoO oxide layer is equal to the half width of the (surface)
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Fig. 4. Surface morphology of a Co 500 A film was examined with AFM.
Fig. 5. Surface roughness was measured with AFM. The
roughness-to-thickness ratio (S =t ) is plotted as a function of the
Co film thickness (t ).
oxygen peak in the CoO/Co interface; . In conclu-
sion, therefore, the plot of Fig. 3 is divided into the three regions:
(I) CoO/Co interface; (II) pure Co; and (III) Co/glass-substrate
interface regions.
Fig. 4 shows the AFM surface morphology of the Co film with
. Within this 1 1 m) enclosure the root-mean-
square roughness is calculated to be 4.49 . In Table I, we
have summarized the value for each Co film. At first, there
seems no definite relationship between and . However, if
we plot the ratio of as a function of , as in Fig. 5, it be-
comes clear that the value of decreases as increases. In
particular, the value rises sharply when . Sim-
ilar behavior has been observed for sputtered Permalloy films
(see [8, Fig. 2]), and, as in that case, one could try to relate the
surface roughness to the value of the Co film for .
A detailed discussion on this point is given later in the paper.
The magnetization data of our Co films, obtained from
the hysteresis loops measured with VSM, are displayed in Fig. 6.
The easy axis of is in the film plane, parallel to the long-axis
of the film sample. The squareness ratio of the hysteresis loop
along the easy axis is in general higher than 80%. We have calcu-
lated the saturation magnetization value of FCC Co bulk.
The magnetic moment and the density of the FCC Co
Fig. 6. Saturation magnetization was measured with VSM. TheM =M ratio
is plotted as a function of the inverse of Co film thickness (1=t ). The saturation
magnetization of the FCC bulk Co is equal to 1449 G.
bulk are equal to 164.8 (emu/g) and 8.793 (g/cc), respectively.
Hence, the value is equal to G. In regard
to CoO, the Néel temperature of bulk CoO is 293 K. It
is nearly the same as the measurement temperature, i.e., RT, in
this study. Also, the value of the CoO film is probably less
than that of the CoO bulk [13]. Therefore, the CoO layer alone
is assumed to be paramagnetic. However, due to the proximity
effect between CoO and Co, the magnetic state of the CoO layer
may become ferromagnetic, with magnetization . To the best
of our knowledge, it is very difficult to find a report about this
particular proximity effect, for example, between CoO and Co,
in the literature. However, we are going to prove that the effect
is real and can actually determine a nonzero value of from
our magnetization data shown in Fig. 6. From previous discus-
sion on the results of Auger-depth analysis, we find that our Co
film with thickness is composed of a multilayered structure:
(I) a CoO layer with thickness in the CoO/Co interface; (II)
a pure Co layer with thickness ; and (III) an-
other CoO layer with thickness in the Co/glass interface.
Since and , for simplicity we assume
. Here, is considered as an
average CoO thickness at both interfaces. Then, according to the
simple addition rule, the saturation magnetization of the
Co film can be described as
(1)
From (1), it is easy to show that
(2)
where . By using (2) as the fitting equa-
tion in Fig. 6 (the dotted line), we find that is equal to 20 .
Since , it is easy to find
or G. This gives an experimental proof to our pre-
vious conjecture that the magnetic state of the CoO layer is
ferromagnetic.
The data are plotted as a function of , as shown in
Fig. 7. Clearly, the behavior in this plot is quite complicated.
Roughly speaking, the data in Fig. 7 can be classified into
two kinds and separated by a vertical dividing line (i.e., the
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Fig. 7. Magnetostriction  as a function of Co film thickness. The dotted
curve in zone (II) is based on the Néel formula.
dotted–dashed line) with the fixed value of . Note
that the position of this dividing line was chosen so that it
should meet the discontinuous-jump line of half-way. Then,
on the right-hand side, there is zone (II) with , and
on the left-hand side, there is zone (I) with . In zone
(II), all the data can be fitted by the Néel formula
(3)
where , and
are constants obtained from the best fitting. The physical
meaning of is unclear. It exists simply because we must shift
the Néel curve rightward so that the best fit is feasible. The con-
stant A represents the value of FCC Co bulk. When crossing
the dividing line from zone (II) to zone (I), there is an abrupt de-
crease of the value. This indicates that in zone (I) the total
effect of the inner and outer CoO layers on becomes more im-
portant than that of the center pure Co layer. According to the
Auger-depth profile in Fig. 3, it is also evident that for all the
Co films in zone (I), the CoO layers occupy almost the whole
volume of the film, or thickness corresponding to zone (I): i.e.,
2 ranges from 70% to 100%. Moreover, it is known that
the lattice constant of FCC CoO is [5]. Hence,
in the CoO/Co or the Co/glass interface, the lattice strain is
estimated to be %. This is a very
large strain effect. According to [9], the effective magnetoelastic
coupling or is affected by the film strain , especially
in the case of the ultra-thin film. For example, as shown in [9,
Fig. 6], may even change the sign of . We propose that the
lattice strain effect is probably the reason for the discontinuous
jump in the behavior. We have concluded that the CoO layer
is ferromagnetic, and we believe that the behavior in zone
(I) is also of a ferromagnetic origin. Furthermore, as discussed
in [8], [14], it seems that the sharp decrease of in the
range 25 to 75 corresponds to the increase of in zone (I).
Qualitatively speaking, the lattice-strain effect tends to make
more positive, while the surface-roughness effect tends to make
more negative.
The dependence of of the Co films is shown in Fig. 8.
Similarly to Fig. 7, we can also draw here a vertical dividing line
Fig. 8. Coercivity H versus the inverse of Co film thickness (1=t ). The
dotted line in zone (1) is based on (4).
of . On the left-hand side, or in zone (1), in-
creases linearly with . This behavior can be represented by
the formula
(4)
where is the coercivity of FCC Co bulk, and or is
the surface coercivity. The dotted line in Fig. 8 represents the re-
sult of the best fit of (4), with Oe and -Oe.
As seen from Fig. 2 and Table I, the average grain size ,
defined as , of all the Co films is in
general less than 154 . Hence, is surely smaller than the
exchange length , which is about 247 for FCC Co (as-
suming crystalline anisotropy KJ/m and exchange
stiffness J/m [15] ). Therefore, the crystalline
anisotropy cannot be important here [16]–[18], and leads to the
consistent result that in zone (1) is low. However, according
to Table I, only depends weakly on , and we cannot find
a good relationship between and for the Co films in this
study. On the right-hand side of the dividing line, in zone (2), the
behavior is summarized as follows: (A) when ,
there is a sudden drop in ; (B) when
increases, as decreases; and (C) when de-
creases slightly. Comparing Figs. 7 and 8, we find the following
similarities. First, the dividing line in Fig. 7 is close
to that in Fig. 8. Second, when crossing the di-
viding line, both and show discontinuous jumps, respec-
tively. Third, (3) (the Néel formula) is valid for the data in
zone (II), while (4) is valid for the data in zone (1). Note that
in both of these equations, the surface (roughness) term domi-
nates the bulk term as decreases. Regarding the first and the
second similarities, we may say that the dividing line sets an
upper limit for the validity of (3) or (4) whenever the CoO layer
is considered, not as the surface or interface, but as the main
part of the ultra-thin Co film. Finally, it is quite complicated to
explain the behavior in zone (I) and the behavior in zone
(2) in detail. More work in this respect is required in the future.
IV. CONCLUSION
We have made a series of Co films deposited by the dc sput-
tering method on a glass substrate with in the range 500 to
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25 . With X-ray diffraction, we find that all the films have the
same FCC structure. From the Auger-depth profile analysis, we
could identify one CoO oxide layer, about 13 thick, located
within the top CoO/Co interface, and another CoO oxide layer,
about 37 thick, within the bottom Co/glass interface. Due to
the proximity effect between CoO and Co, the CoO layer may
be ferromagnetic, with magnetization . We have proved that
the above statement is correct by fitting the data with (2),
and found that G. Both the versus and the
versus plots show two distinct regions. The dividing
line between zones (I) and (II) for is at , and that
between zones (1) and (2) for is at . In zone
(II) the data agree well with the Néel formula of (3), while in
zone (1) the data agree well with (4). However, in zone (I) or
zone (2), the or behavior becomes very different, because
the two CoO oxide layers take up almost the whole volume of
the Co film in this range. We have proposed the lattice-strain
mechanism between CoO and Co to explain the anomalous
behavior in zone (I).
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